ABSTRACT This paper is mainly focusing on the problem of speed tracking control for permanent magnet synchronous motor (PMSM) drive system subject to matched and mismatched disturbance. This is achieved by a novel Port-Controlled Hamiltonian control method with nonlinear disturbance observer. Different from the traditional speed-current cascade control for PMSM, the speed-current single loop controller is designed. Firstly, the Port-Controlled Hamiltonian model of PMSM is established, then the Hamiltonian speed controller is designed by using interconnection assignment and damping assignment method. However, the standard Hamiltonian controller cannot achieve the satisfying behavior in the presence of the parameter variations and external disturbance, thus a nonlinear disturbance observer is designed to estimate the lump disturbance of the system, which is used to the feed-forward compensation control. Finally, simulation and experiment on the speed control system of PMSM are implemented. The results show that the proposed method has fast speed control performance and strong robustness for the different disturbance.
I. INTRODUCTION
Permanent magnet synchronous motor (PMSM) has been widely used in many fields due to their excellent features such as high efficiency, high power density and high reliability. Field-orientation mechanism is usually employed in the drive system. In general, proportional-integral (PI) controller is popular for the speed and current control of PMSM, which is independent of the mathematical model, and the controller is convenient to be realized. However, due to the nonlinear and uncertain characteristic, the traditional PI control method may fail to meet the expectative performance [1] . To improve the speed and current control performance, a number of modern nonlinear control methods have been applied in motor drive system, such as sliding mode control [2] , adaptive backstepping control [3] , model predictive control [4] , active disturbance rejection control [5] and intelligent control [6] , which enhance the motor control performance in different aspects.
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In recent years, Port-Controlled Hamiltonian (PCH) theory based on interconnection and damping assignment (IDA) has become more popular for nonlinear system. The PCH controller is a model-based controller. In this method, the physical Hamiltonian structure is preserved in closed-loop, and the storage function of the passive map is precisely the total energy of the closed-loop system [7] . Due to the passivity properties and the specific feed-back stabilizing method of PCH system, it is easier to design the controller and the stability analysis. PCH control has been well investigated in industrial application and process control [8] - [11] . Specific to the PMSM control system, the speed regulation problem with unknown constant torque has already been solved with the IDA method in [12] - [14] , and the global stability of the control system is proved. Meanwhile, a load torque observer is designed to improve the robustness.
It is worth pointing out that the PCH stabilizing controller is designed by using the accurate system model, thus it is vulnerable to the disturbance in the system. In fact, PMSM drive system faces inevitable parameter variations and external disturbance, and it is difficult to derive the exact motor VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ model and parameters in the practical system. Although the load torque observer is designed in [12] - [14] , the parameter variations of the motor are not considered, which will influence the control performance. In [15] , [16] , to enhance the robustness for the disturbance, the integral action control is added to the PCH system, and a novel speed controller is designed for PMSM. For the disturbance rejection of uncertain nonlinear system, an alternative method is the disturbance estimation and attenuation technology, which is designed to estimate the disturbance. Then, corresponding compensation is generated by making use of the estimate [17] . This technology has a different but complementary mechanism to widely used robust control and adaptive control [18] . Up to now, various disturbance estimation and attenuation technologies have been proposed for PMSM, such as, disturbance observer [19] , [20] and extended state observer [1] , [21] , [22] . But the designed observers above are only applicable for the matched uncertainties, which mean that the uncertainties exist in the same channel as that of the control input [23] . In fact, the mismatched uncertainties are existed in the Hamiltonian model of PMSM. Therefore, these methods cannot estimate the lump disturbance in the system. Recently, the nonlinear disturbance observer control methods [24] - [27] for mismatched uncertainties have been thoroughly studied, which show that the mismatched disturbance can be eliminated from the output by designing the observers for the feed-forward compensation, and the system performance will not be affected simultaneously.
In this paper, consider the dynamic performance and robustness simultaneously, a novel controller is designed based on the PCH theory and nonlinear disturbance observer for the speed control system of permanent magnet synchronous motor. Firstly, using interconnection assignment and damping injection method, the Hamiltonian controller is designed. Then, the nonlinear disturbance observer is used to estimate the lump disturbance, which is used for the feedforward compensation control, and the robustness can be ensured. The contributions of the paper are 1) the nonlinear disturbance observer is introduced to the PortControlled Hamiltonian control of PMSM, instead of the existing control method with load torque observer. 2) The controller has the strong disturbance rejection ability for all of the uncertain parameters and load torque.
3) The designed controller is simple and the controller parameters are easy to be regulated. In the end, the simulation and experiment are completed, and the results show that the motor control system based on the proposed method has good speed tracking performance and strong robustness in various disturbance.
This paper is organized as follows. In Section II, the PortControlled Hamiltonian model of PMSM is constructed. The design process of speed controller based on PCH theory and nonlinear disturbance observer is discussed in Section III. Simulation and experiment are demonstrated in Section IV, which is followed by conclusion in Section V.
II. PORT-CONTROLLED HAMILTONIAN MODEL OF PMSM A. PORT-CONTROLLED HAMILTONIAN SYSTEM
The model of lumped-parameter physical system with independent storage elements can be described as Port-Controlled Hamiltonian system, in which, important properties related to the energy features of the system become immediately apparent [7] .
where x ∈ R n are the energy variables, u, y ∈ R m are the port power variables, and they can be defined as the power flows exchanged with the environment of the system, for instance current and voltage in electrical circuit or force and velocity in mechanical system, R(x) = R T (x) ≥ 0 represents the dissipation, The interconnection structure is captured in matrix g(x) and the skew-symmetric matrix
The smooth function H (x) represents the total stored energy function of the system.
B. PORT-CONTROLLED HAMILTONIAN MODEL OF PMSM
According to rotor field oriented method, the mathematical model of PMSM, which consists of electrical dynamic and mechanical dynamic, can be described as
where L d and L q are d-axes and q-axes stator inductances, i d and i q are stator current, u d and u q are stator voltage in d-q reference frame, R s is the per-phase stator resistance, n p is the number of pole pairs, ω is the mechanical angular speed, is the rotor flux, J m is the inertia, B is the viscous friction coefficient, f d , f q and f w represent the disturbance caused by the parameter variations and external disturbance, and they are given by
where τ L is load torque,
Let
From (2) and (4), the model of PMSM can be expressed as
Define the state vector, input vector and output vector as
The Hamiltonian function is defined as
and
Then, the model (5) can be represented in the form of (1), with
III. CONTROLLER DESIGN BASED ON PCH AND DISTURBANCE OBSERVER FOR PMSM
The control objective is to find a controller that assures internal stability and adjusts the stator voltage to realize the speed and current tracking regulation of PMSM. Simultaneously, the controller has the ability of rejecting parameter variations and external disturbance. The problem will be solved in two steps.
A. DESIGN OF PCH CONTROLLER FOR PMSM
Firstly, the PCH controller based on interconnection assignment and damping injection method is designed. Define the reference motor speed and the dq-axes reference current as ω * , i d * , i q * , respectively. The reference d-axes current i d * is usually set to be zero to maintain a constant flux operating condition [1] . When the motor reaches the desired equilibrium, dω dt = 0. Thus, according to (2), the q-axes reference current i q * can be calculated as i * q = Bω * −f w n p . The desired equilibrium state for PMSM can be selected as
According to Port-Controlled Hamiltonian principle [7] , [10] , in order to make the system (1) be asymptotically stable in the desired equilibrium point x * , a closedloop energy function with feed-back control is constructed as H d (x), which is minimum at x * . That means to find a feedback control law u 1 , correspondingly, the closed-loop system is written asẋ
where, J d (x) and R d (x) are the desired interconnection and damping matrix, and
and R a (x) are the interconnection and damping assignment matrix, respectively.
In the paper, the desired closed-loop Hamiltonian function for PMSM is chosen as
Then
where J 12 , J 13 , J 23 and r a , r b are the interconnection and damping parameters, respectively. From (1) and (11), by using i * d = 0 the following can be derived as
According to (10) , when the system state reaches the desired equilibrium point, f w = −n p i * q + Bω * , then J 13 = −n p L d i * q and J 23 = 0 can be chosen in (17) . Then choose J 12 = 0, thus, the expected PCH controller for the speed control system of PMSM can be derived as
Substituting (18) into (4), the controller considering the disturbance can be described as
B. DESIGN OF NONLINEAR DISTURBANCE OBSERVER
In the motor control system, the disturbance is unavoidable and undetectable. As seen in (10) and (19) , the lump disturbance including parameter variations and external disturbance (f d , f q and f w ) is considered in the PCH controller. To enhance the robustness, the disturbance should be derived. Although a number of disturbance estimation methods have been studied and applied to the motor system [19] , [21] , these methods can only be used to estimate the matched uncertainties. From the model (2), the matched and mismatched uncertainties are existed in the system, which bring the difficulty for the estimation of the lump disturbance. For above reasons, a nonlinear disturbance observer method [25] - [27] is introduced to estimate the lump disturbance in PMSM drive system.
From (2), the motor model can be expressed as
where
Then, a nonlinear disturbance observer is designed as
whered = f dfqfw T is the estimated disturbance, z d is the internal state variable of the observer, λ(x) is a nonlinear function designed for the observer, l(x) = ∂λ(x) ∂x is the observer gain. The final speed controller for the PMSM drive can be derived from (10), (19) and (21) . To verify the speed control performance, the control system for PMSM based on PCH and nonlinear disturbance observer is implemented. The control system structure investigated in this paper is shown in Fig. 1 . Compared with the traditional control method, the novel controller adopts the single loop control structure. Thus, the designed controller is simpler and the control parameters are easier to be adjusted.
IV. SIMULATION AND EXPERIMENTAL RESULTS

A. SIMULATION RESULTS
To demonstrate the effectiveness of the proposed PCH control method with disturbance observer, simulation on the closedloop speed control system has been performed in MATLAB. The parameters of the PMSM are given in Tab. 1. To better test the control performance of the proposed method, the proposed PCH method with disturbance observer(PCH+DOB) is compared with PI control. To have a fair comparison, the parameters of the controller are obtained by trial and error so as to achieve satisfactory performance.
Firstly, the reference speed is given as 200r/min and 600r/min, respectively. The motor is started with no load. The speed response waveforms of the motor based on both methods are shown in Fig. 2 . As seen in the figures, when the motor is started, the motor speed can track the reference speed quickly in both methods. Compared with PI controller, the proposed method has better speed response with the smaller overshot and the faster response speed. The results demonstrate that the PCH+DOB method could realize good speed control performance.
In order to validate the effectiveness of the proposed control method with the sudden change of the load torque, when the motor speed is stable at 200r/min and 600r/min, respectively, the load torque is changed to 2 N · m at t = 0.5s, and then the load torque is removed at t = 1s. Fig. 3 show the speed response waveforms based on both methods. As the figure reveals, when the load torque is changed, the fluctuation of the speed with the proposed PCH+DOB method is about 3r at 200r/min or 600r/min, and the fluctuation of the speed with PI controller is about 4.4r. Meanwhile, the recovering time of the speed with the proposed method is shorter than the PI control. The results proved that the proposed method has a better anti-disturbance performance than PI control. 
B. EXPERIMENTAL RESULTS
In this section, the results from experimental implementation of PMSM are given and analyzed. The experimental configuration of the PMSM drive and control system is shown in Fig. 4 , and the platform of the experiment is given in Fig. 5 . It consists of a 130MB150A non-salient pole PMSM coupled to the load motor, an power converter based on IGBT, and the LINKS-RT rapid prototyping system as the controller, which is developed by Beijing Links Corporation. The LINKS-RT can automatically implement the simulink models on the realtime hardware, it is very convenient to test the new control strategy in a real environment. The parameters of PMSM are shown in Tab. 1. The phase current is measured by the Halleffect device and is converted to digital signal. A encoder is used to measure the rotor speed and absolute rotor position. The switching frequency is 10 KHz. The experimental results are shown in Fig. 6-10. 
1) SPEED RESPONSE
To confirm the performance of the designed novel controller, the experimental results with the PCH+DOB controller are also compared with PI controller. In PI method, the control parameters of current loops are both chosen as kp = 7, Firstly, the experimental speed response curves of PCH+DOB and PI method are shown in Fig. 6. In Fig. 6a , VOLUME 7, 2019 the reference speed is chosen as n = 200 r/min. The result clearly shows that, the time to reach the reference value of two methods is about 0.4s and 1s, respectively. The overshoot of PI method is about 25r. In the same condition, the overshoot of proposed PCH+DOB method is closed to zero. Fig. 6b and 6c also show that the motor speed with PCH+DOB method can quickly converge to the reference value under different reference speed. It can be observed that, compared with PI method, the PCH+DOB control method exhibits a smaller overshoot and a shorter settling time. From the above curves, the results demonstrated that PCH + DOB method can achieve a superior dynamic performance.
2) LOAD DISTURBANCE
The experiments have also been done to evaluate the effectiveness of the proposed PCH+DOB method under load disturbance. The load disturbance τ L = 2 N · m are added at t = 10s, then it is removed from the system after 5 seconds. The corresponding speed response curves are shown in Fig. 7 .
As shown in Fig. 7a , the reference speed is given as n = 200 r/min. When the sudden load disturbance is applied, the speed fluctuation under the PI method is 43r, and the fluctuation with PCH+DOB method is 27r. Moreover, the recovering time to the reference value under PI and PCH+DOB method are 1s and 0.45s, respectively. It can also be seen that, when the load disturbance is removed at t = 15s, the speed fluctuation under the PI method is 40r, and the PCH+DOB method achieves a smaller speed fluctuation about 20r. The recovering time under PI and PCH+DOB method are 1.3s and 0.3s, respectively. The above experimental results prove the effectiveness of the PCH+DOB method under load disturbance, and the results also confirm that the PCH+DOB method can improve the load disturbance rejection ability, meanwhile it can achieve a superior dynamic performance.
3) PARAMETERS DISTURBANCE
In order to verify the robustness of the PCH+DOB method under parameter disturbance, experiments were completed in this section and the reference speed is chosen as n = 600 r/min. The experimental results of the PCH+DOB method are shown in Fig. 8-10 . Considering the rated parameters of the PMSM can not be changed during the experimental process, the parameters disturbance can be realized by changing the values in PCH+DOB speed controller, which can also cause the mismatch of the motor parameters between the controller and the real motor. Suppose
, where x o and x represents the nominal values and disturbance of the parameters, respectively. 8a and 8b respectively show that the speed response curves with PCH+DOB method when the rotor flux value is increased 20% and decreased 20%, respectively. In Fig. 8a , when the parameter disturbance = +0.2 is applied to the designed controller, the speed fluctuation is approximately 49r and the adjustment time is approximately 0.5s. In Fig. 8b , when the parameter disturbance = −0.2 is applied to the designed controller, the speed fluctuation is approximately 82r and the adjustment time is approximately 0.35s. It is evident that the PCH+DOB method can effectively reject the disturbance caused by the variation of rotor flux. Fig. 9a and 9b show the speed response curves when the stator resistance value is increased 50% and decreased 50%, respectively. It can be observed that when the parameter disturbance is added at t = 5s, the speed response with the proposed method has no significant variety. The similar phenomenon also happened under the disturbance caused by the variation of inductance, and the response curves are shown in Fig. 10a and 10b . Therefore, the above experimental results confirm that the drive system based on the proposed PCH+DOB method has strong robustness for the parameter disturbance. According to these experimental curves, it can be concluded that the PCH+DOB method improves the dynamic performance and the capability to restrain load disturbance, and enhances the robustness of the system to reject parameter disturbance.
V. CONCLUSION
In this paper, a novel speed-current single loop control method based on Port-Controlled Hamiltonian theory is proposed for the PMSM drive system instead of the traditional cascade controller. To improve the robustness, a nonlinear disturbance observer method is adopted to estimate the lump disturbance in the system, which is used to the feed-forward compensation control. With the designed controller, the speed stabilizing control is realized. Meanwhile, the controller has good transient response and strong robustness for the disturbance including the parameter variations and external disturbance. The proposed algorithm is easy to be implemented on a real-time platform, and the effectiveness is verified in different operating conditions.
In the future, the flux-weakening control will be attempted to the designed single-loop controller, which could improve the speed range of PMSM. In addition, the designed observer cannot suppress periodic disturbance, which will cause the torque ripple. Thus the torque ripple suppression is also the focus of the future research. YANG ZHAO was born in Shandong, China, in 1994. He received the B.S. degree in automation from Qingdao University, Qingdao, China, in 2017, where he is currently pursuing the M.S. degree. His research interests include power electronics and motor drive. VOLUME 7, 2019 
